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^ ■ Abstract 



We study electroweak baryogenesis within the framework of the littlest Higgs model with T 
parity. This model has shown characteristics of a strong first-order electroweak phase transition, 
which is conducive to baryogenesis in the early Universe. In the T parity symmetric theory, there 



— are two gauge sectors, viz., the T-even and the T-odd ones. We observe that the effect of the 

q; T-parity symmetric interactions between the T-odd and the T-even gauge bosons on gauge-higgs 

energy functional is quite small, so that these two sectors can be taken to be independent. The 



T-even gauge bosons behave like the Standard Model gauge bosons, whereas the T-odd ones 
are instrumental in stabilizing the Higgs mass. For the T-odd gauge bosons in the symmetric 
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and asymmetric phases and for the T-even gauge bosons in the asymmetric phase, we obtain, 



using the formalism of Arnold and McLerran, very small values of the ratio, (Baryon number 
violation rate/Universe expansion rate). We observe that this result, in conjunction with the 
scenario of inverse phase transition in the present work and the value of the ratio obtained from 
the lattice result of sphaleron transition rate in the symmetric phase, can provide us with a plausible 



X 

baryogenesis scenario. 
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I. INTRODUCTION 

The mystery of the observed baryon-antibaryon asymmetry [1, 2] of the Universe has 
not yet been unambiguously resolved. A study of baryogenesis usually has to incorporate 
Sakharov's three criteria [3] : (i) Baryon number violation, (ii) C and CP violation, (iii) 
Departure from thermal equilibrium. The first two conditions are needed to create the 
matter-antimatter asymmetry and the third one is necessary to retain that asymmetry, or, 
in other words, to prevent the erasure of that asymmetry. In the Standard Model (SM) of 
particle physics, large baryon number violation is possible at high temperature by sphaleron 
transitions [4-9] between the degenerate vacua of the SU(2) gauge field. Thus, the first 
criterion of Sakharov is met in the SM. However, it is difficult to satisfy the second and 
the third criteria in the SM as, in this model, the CP violation is too low to explain the 
observed baryon to entropy ratio [10] and a strong first-order electroweak phase transition 
(EWPT), necessary for the thermal out-of-equilibrium condition, can be obtained only for 
run < 32GeV [1], whereas the current experimental lower bound is rnu — 115GeV. These 
difficulties have been overcome in models having extended Higgs sectors, such as the Mini- 
mally Supersymmetric Standard Model (MSSM) [11], its extensions [12] and the Two-Higgs 
Doublet Model (THDM) [13]. 

Among the models for the new physics at the TeV scale, the littlest Higgs model (L 2 HM) 
[14] and its version with T parity (LHT) [15, 16] are economical and popular ones. In 
LHT, the aspects of CP violation have been studied [17] quite extensively in recent years. 
To examine the third criterion of Sakharov, finite-temperature calculations are required. 
Although indications of strong first-order EWPT have been reported in a number of papers 
involving Supersymmetric [11,12], Two-Higgs Doublet [13] and Extra-dimensional models 
[18], the needed finite-temperature calculations in Little Higgs Models are, so far, very 
few [19-21]. However, such studies should be quite interesting as, some of these [19, 21] 
have exhibited a not-so-common and intriguing feature of finite-temperature effects, viz., 
nonrestoration of symmetry at high temperature [19, 21, 22], which might reveal new aspects 
of cosmological baryogenesis. 

In this work, we examine the prospects of baryogenesis in the LHT in the light of the 
third criterion of Sakharov. The present work is motivated by our earlier finding [21] of 
features of a strong first-order EWPT in the LHT, in association with a nonrestoration of 



symmetry at high temperature. Here, we calculate the baryon number violation rates for the 
T-even and the T-odd gauge bosons. We can find a new scenario of baryogenesis, where the 
T-even particles are efficacious in producing very large amount of baryon number violation 
and the T-odd ones check the wash-out. 

In section 2, we present the gauge-higgs sector of the LHT. In section 3, we examine 
the effect of the interaction between the T-even and T-odd gauge bosons on the sphaleron 
energy. In section 4 we calculate baryon number violation rates. Finally, section 5 contains 
discussions, whereby we elaborate the baryogenesis scenario, and then some concluding 
remarks. 

II. GAUGE-HIGGS SECTOR IN LHT 

The gauge sector in the T 2 HM is contained in the Lagrangian, 

L = f -^Tr{d^ - i J2 foW?(QJE + EQf ) + g'.B^Y^ + £Y})]) 
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x (0"E - i J2 [9jW^(Q°X + HQf) + sf&tY-L + £r,)])t (1) 

i=i 

where / is a scale ~ 1 TeV and in LHT / ~ .5 TeV . In Eq.(l) there are two SU(2) and two 
U(l) gauge groups instead of one each as in the Weinberg-Salam theory. However, invariance 
of £ under the T parity operations: W\ <-> W 2 and B 1 -H B 2 , will require g\ = g 2 , g[ = g 2 
and therefore, g\ >2 = V2g, g' 12 = V%g', where g and g' are SM weak and hypercharge gauge 
couplings. With these, after the tree-level explicit symmetry breaking at the TeV scale by 
the vacuum condensate So [21], we shall have T-odd heavy and T-even light gauge bosons 
[15], 

W a H = -±=(W 2 a - W«),B H = -L(B 2 - TA), W£ = -±=(W 2 a - W?), B L = -±=(B 2 + B,) (2) 

where, H(L) refers to the heavy (light) gauge bosons. Wl and Bl which get mass by EWSB 
correspond to SM gauge bosons. As in the SM, physical neutral gauge bosons are obtained 
via the mixing of the neutral partners of Wl and Bl with the Weinberg angle, 8\y, which is 
given in terms of the coupling constants as, t&n9\v = g'/g- Spherically symmetric sphaleron 
will require 6\y = and therefore g' 12 = 0. In that case, only the SU(2) sectors in (1) will be 
operative. In the present work, we shall assume that 6w = 0. This assumption is justified 



by the observation [4] that the correction to the sphaleron energy due to the 0\y nonzero 
case is quite small: it is 0.6% when A = to 0.96% when A = oo, A being the higgs quartic 
self-coupling parameter. Following the same spirit, in the present case also, we shall consider 
only the SU(2) sector. 

The T-odd gauge bosons have masses both in the symmetric phase (SP) and broken phase 
(BP) of EWSB, because they get mass by explicit symmetry breaking while the Lagrangian 
is gauged. The T-even gauge bosons become massive after the EWSB by the Coleman- 
Weinberg mechanism. As a general procedure, we calculate the masses of the T-even and 
T-odd gauge bosons in the BP, using the vacuum condensate E as in Ref.21 and get in the 
leading order in s, 
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M wh = M wl = M wl = fg X /l- S -l, M wl = M wl = M wl = -^=fgs (3) 



where s = sin ( -fe- ) , h being the physical higgs field. The SP has an absolute minimum near 
s = and we have in this phase, M w i = M W 2 = M w z = fg and M w i = M W 2 = M w z = 0. 
Here the heavy gauge boson mass is the one obtained by explicit symmetry breaking under 
T parity, the light gauge bosons remaining massless. In the BP, both the light and heavy 
gauge bosons have h-dependent masses given in Eq.(3). It may be noted that, if h — v ( the 
SM VEV), then from (3) we find that the light gauge bosons show the SM mass, Mw = \gv 
as v « f. 

The Higgs quartic self coupling constant A, which is an important parameter in determin- 
ing the sphaleron energy and transition rate, may be obtained numerically from the global 
higgs potential by the formula, 

*■ V uu / h=l.lTeV 

where, V^(h) is the temperature-independent one-loop-order effective potential, which is 
responsible for EWSB in L 2 HM by Coleman-Weinberg mechanism. However, A should 
be small enough for the validity of perturbative calculations and to be consistent with a 
not-so-large higgs mass. We find in our calculation that we can get small values of A by 
reasonable choice of the UV completion factors [14,21]. The detailed procedure of how the 
UV completion factors are determined in our calculations is given in Ref.21. Note that in 
Eq.(4), h — 1.1 TeV (or s = 1) is the value of the physical higgs field where the strong first- 
order EWPT is observed in the global structure of the finite-temperature effective potential 



[21]. It may be noted that the T parity forbids a non-zero VEV for the triplet <p field [16]. 
Thus, the field does not come in the consideration of phase transion in the present case. 

III. A MODEL CALCULATION OF SPHALERON ENERGY AND THE ROLE 
OF T-ODD-T-EVEN GAUGE BOSON INTERACTION 

Sphaleron is the time-independent static solution of the gauge-scalar lagrangian. The 
benchmark of our calculation is to make use of the sphaleron transition rate formula [5] 
of a pure SU(2) gauge theory. In LHT there are two SU(2) groups: one for T-even light 
gauge boson field and another for T-odd heavy gauge boson field. T-invariant interactions 
of the types WlWlWhWh and WlWhWh are present between the two sectors [23]. So, 
before using the classic formula one has to make sure that the contribution of the interaction 
terms is markedly small. To verify this fact we have constructed a toy model comprising the 
lagrangian of a pure SU(2) theory plus a mass term for Wh, as it gets mass from explicit 
symmetry breaking of the gauge group SU(5) down to [SU(2) <8> U(l)]i ® [SU(2) <S> U(l)] 2 ■ 

The gauge-higgs energy in the model is as follows 

E = J (-^Tr(F tJ F zj ) + (A$) f (A$) + A($*$ ~ y) 2 + \m w H 2 W m W m )d z x (5) 

where, F t j = diWj + djWi + [Wi, Wj], is the time-independent gauge boson tensor. The first 
three terms in the integrand of (5) are for both the T-even and T-odd sectors. Wi(x) = 
—ig^W^ (i=l,2,3 is space index, a— 1,2,3 is SU(2) weak isospin index. Di = dj.2 — Wi(x)is 
the covariant derivative, $ is the scalar higgs field, M Wfl ps gf is the heavy gauge boson 
mass term. 

The spherically symmteric ansatze [4] for the gauge boson and higgs scalar are respec- 
tively, 

2% 



W t a a = --f^gv^diU 00 ^ 00 )- 1 , 
9 

$ = -j=f2(gvr)U°° | | , (6) 



, , z x + iy 

where f\ and f 2 are funtion of the radial distance r, and U°° — ^ I | . Using 

-x + iy z 
these ansatze and putting k = gvr, a dimensionless parameter, we can have the full energy 




functional as 

E = 



\ 32irv 

I k 2 g 



((2h(k)(l - h{k))Y + kV'(k)f) + ^(f 2 (knfi(k) - 1) 



+wh{kf) + -^- 2 {f 2 {kf-l) 



327T/ 2 



h{kf]dk 



(7) 
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Now, if we add T parity invariant interaction terms of the possible two types WlWlWhWh 
and O^WlWhWh to the hamiltonian the term which will be added to the integrand of E 
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which are 
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fi{k) A . To evaluate the energy integral we use two ansatze [4] of f\ and ji 



fi(k) 



-Exp[ 



(m — k). 



m + 4 

Ti I 

— Exp[a(n — k)], k > m,n, 

(TTl ~r J- rv 



(8) 



where a = \ ^ and m, n are numbers. 
In Fig.l we have plotted total gauge-higgs energy and have shown the effect of interaction. 




FIG. 1. Upper plot shows total gauge-higgs energy without interaction and lower plot shows total 
energy including interaction between T-even and T-odd gauge bosons. 

If we include the interactions the total energy shows only less than 1% change, which clearly 
hints that the effect of the T-parity invariant interaction has negligible effect in sphaleron 
energy calculations. So the two SU{2) <g> U(l) sectors can be treated independent of one 
another and one can make use of sphaleron transition rate formula of a pure SU{2) theory 
reliably. The expression for energy functional for the Wh is given by 



E(W H ) 



[§f ((2/ 1 (*)(l - h{k))f + k\f {k)f) + *-f{h{k)\h{k) - 1; 

+Wf 2 {kf) + -^(f 2 (kf - 1) 2 + **g. fl ( k )*\dk. 



(9) 



Simalrly the total hamiltonian or energy functional for Wl is given by 

E(w)= [ > [ SH (2/l(1 - h)f + k2 U\T) + %h\h - 1? 

' +\k 2 {f^) 2 ) + fk 2 {f 2 2 -l) 2 ]dk 

To get sphaleron energy for the Wl and Wh we have to minimize the energy functional with 
respect to m, n and integrate it upto radius r ~ -^— where k > m,n. 

Taking the VEV at v — 1.1 TeV one can get the sphaleron energies to be 33.48 TeV and 
36.71 TeV respectively for the light and heavy gauge bosons in the BP and 29.23 TeV for 
the heavy gauge boson at SP. In this calculation the value of A is obtained from Eq.4 viz., 
A = 0.8 which is comparable with the value of g 2 , where g is 0.9. 



IV. THERMAL GAUGE BOSON MASSES AND BARYON NUMBER VIOLA- 
TION RATES 

Here, we have calculated the thermal gauge boson masses using the one-loop-order finite- 
temperature effective potential [21]. The expression of the thermal gauge boson mass squared 
can be written as, 

47T//T 

M 2 Whl {T) = M 2 Whl + ^j- 2 j x 2 log[l - exp(-Jx~ 2 + M 2 WH jT 2 )]dx (11) 

o 

where, M Wh = M^ H (T = 0) which is \f 2 g 2 for s = 1 in the BP and f 2 g 2 for s = in the 
SP and M^ L = M^ L (T = 0) which is \f 2 g 2 for s = 1 in the BP and for s = in SP 
[see Eqs.(3)]. We note here that, in the present formalism, the sphaleron transition rate 
and baryon number violation rate for the T-even gauge bosons cannot be calculated in the 
symmetric phase, where their masses are zero. Perturbative approach fails here because of 
infrared divergences. The transition rate for this case has been calculated [24] in the lattice 
using the auxiliary field method. The sphaleron transition rate [5, 25] is, 

£ = Airu^g 2 TfN tran N rot ^l^ exp[~E sph (T)/T] (12) 

and the baryon number violation rate [5], 

3 



1 dN B _ (13 



(2M w {T)f 
aw 



T- 6 cu.N tran N rot ^ X/9 } exp[-E sph (T)/T] (13) 



where, n/ is the number of fermion family which is 6 in L 2 HM, cu_ is the rate of decay in 
small fluctuations around the sphaleron, which is a function of X/g 2 . N tra n and N rot are 
normalization factors related to the translational and rotational degrees of freedom of the 
sphaleron and k is the determinant associated with small fluctuations around the sphaleron. 
Eqs.(12) and (13) are valid in the range of temperature T lying between, M\y{T) and 
Mw(T)/aw- Temperature dependent sphaleron energy E sp h(T) is obtained using eqns. 9, 10 
and 11. 

U- in the unit of gv can be obtained from the expression, 

u 2 _ = [0.5143 + 0.3794(A/# 2 ) - 0.0644(A/# 2 ) 2 + 0.00379(A/^ 2 ) 3 ](^) 2 (14) 

which is a fit to the corresponding plotted graph in Ref.6 in the range, X/g 2 ~ 0.1 to 10. 
The product N tran N rot as a function of X/g 2 can be obtained from the equation [26] , 

N trans N rot = 86-5\n(X/~g 2 ) (15) 

The expression for K,(X/g 2 ) can be obtained from Refs.9 and 25 as, 

k = 0.0229 exp(-0.13/(A/(? 2 ) 2 + 0.65/(A/# 2 ) - 0.09(A/# 2 )) (16) 

with, /t max = exp(-3). 

For getting the ratio of the baryon number violation rate to the Universe expansion 
rate (i.e., the Hubble parameter), viz., T (dN b / N b<IT) , we convert temperature to time 
using the dynamically- generated relation [27] in the radiation dominated early Universe, 
t = 2.42 x 10" 12 ^ 1/2 (55) sec. where, T is in TeV and in the TeV scale g* = 202.5 in 
LHT. For T= 1 TeV, t « 10~ 13 sec. In Fig.2 we have plotted T(dN B /N B dT) vs. T, for the 
T-odd gauge bosons for temperatures both below and above T c , the transition temperature 
of EWPT, and that for T-even gauge boson above T c . It is to be noted that the value of 
T c in our case is 0.925 TeV [21]. The graphs in Figs 2(a) and 2(b) clearly show that around 
the EWPT, the contribution of the T-odd gauge bosons in the LHT towards the ratio of 
the baryon number violation rate to the expansion rate of the Universe is negligibly small. 
In particular, at T = 1 TeV in the asymmetric phase, the baryon number violation rate is 
~ 10~ 9 sec^ 1 and the Universe expansion rate is ~ 10 13 sec^ 1 . 

For the massless T-even particles in the symmetric phase, the lattice result [24] gives, 
T ~ 10" 6 T 4 . From this, we get [28], ^^ « T n fW ~ 10 ' 5T ~ lO^sec" 1 (1 TeV ~ 
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FIG. 2. Ratio of the baryon number violation rate to the Universe expansion rate, (a) in the 
symmetric phase, (b) in the asymmetric phase for the T-odd gauge boson and (c) in the asymmetric 
phase for T-even gauge boson. 

1.5 x 10 27 sec" 1 ). Thus, the baryon number violation rate is 10 31 times higher for the T-even 
particles than the T-odd ones. 

V. DISCUSSION AND CONCLUSIONS 



We find that at the value h=l.l of the physical higgs field, where the phase transition is 
observed, both the T-even and T-odd gauge bosons have the same mass (viz. ,-y^fg) in the 
broken phase (T > Tc) and the baryon number violation rate is seen to be negligibly small 
and effectively no baryon number violation takes place in the broken phase at high temper- 
ature. In the symmetric phase (T < Tc), the T-even gauge boson becomes massless, the 
T-odd ones remaining massive with mass gf. In this phase, we may consider bubbles inside 
which the higgs VEV is zero. These bubbles would move in the background of asymmet- 
ric phase and the massless T-even particles and the massive T-odd particles will be inside 
these bubbles. The sphalerons due to the T-odd particles act as spectators so far as baryon 
number violation is concerned. Input from non-perturbative SM lattice result [24] implies 
that the baryon number violation rate is 31 orders of magnitude higher for the T-even par- 



tides than that for the T-odd ones. Since the phase transition is strongly first order the 
bubbles will be thin-walled and the CP-violating scattering of the T-even particles will take 
place on the bubble walls. However, this situation will continue from the temperature scale 
T ~ ITeV to T ~ O.lTeV (which corresponds to the time scale: t ~ 10 -13 sec to t ~ 10~ n 
sec), when there will be smooth crossover [29] from a massless to a massive condition for 
the T-even particle. Baryogenesis ends at this point. 

Our calculations are based on the existence of two independent SU{2) gauge sectors 
for the T-odd and the T-even particles as verified by our calculation in section 3 and 
SM-like anomalies in the corresponding fermionic sectors. Such anomalies have not yet 
been investigated so far within the LHT. On the other hand, leptogenesis has been studied 
recenlty in T 2 HM [30] and in other little Higgs models [31]. Thus, there is scope to obtain 
baryogenesis via leptogenesis in these models. We must note here that, as we are dealing 
with an inverted phase transition, the nature of the bubbles must be different from what 
they are in the SM. Specifically, the bubbles are expected to shrink and ultimately disappear 
at the time of the cross-over. 

In conclusion, in the present work we have explored the possibility of electroweak baryo- 
genesis in the LHT model. This is the first work on electroweak baryogenesis in a model 
where inverse phase transition occurs and has thus new features in it. Nonetheless, we can 
get a clear picture of baryogenesis in the new scenario. We find that the T-odd gauge bosons 
play crucial role in checking the washout. Discovery of these new particles is expected in the 
Large Hadron Collider and the future International Linear Collider experiments, for which 
the production cross sections have been estimated [32, 33]. 
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